The objective of this study was to investigate the expression of the chemokine CXCL10 and its role in joint tissues following articular fracture. We hypothesized that CXCL10 is upregulated following articular fracture and contributes to cartilage degradation associated with post-traumatic arthritis (PTA). To evaluate CXCL10 expression following articular fracture, gene expression was quantified in synovial tissue from knee joints of C57BL/6 mice that develop PTA following articular fracture, and MRL/ MpJ mice that are protected from PTA. CXCL10 protein expression was assessed in human cartilage in normal, osteoarthritic (OA), and post-traumatic tissue using immunohistochemistry. The effects of exogenous CXCL10, alone and in combination with IL-1, on porcine cartilage explants were assessed by quantifying the release of catabolic mediators. Synovial tissue gene expression of CXCL10 was upregulated by joint trauma, peaking one day in C57BL/6 mice (25-fold) versus 3 days post-fracture in MRL/MpJ mice (15-fold). CXCL10 protein in articular cartilage was most highly expressed following trauma compared with normal and OA tissue. In a dose dependent manner, exogenous CXCL10 significantly reduced total matrix metalloproteinase (MMP) and aggrecanase activity of culture media from cartilage explants. CXCL10 also trended toward a reduction in IL-1a-stimulated total MMP activity (p ¼ 0.09) and S-GAG (p ¼ 0.09), but not NO release. In conclusion, CXCL10 was upregulated in synovium and chondrocytes following trauma. However, exogenous CXCL10 did not induce a catabolic response in cartilage. CXCL10 may play a role in modulating the chondrocyte response to inflammatory stimuli associated with joint injury and the progression of PTA. ß
Post-traumatic arthritis (PTA) develops following trauma of weight-bearing joints and accounts for approximately 12% of osteoarthritis (OA) cases of the hip, knee, and ankle. 1 While the exact etiology of PTA is not yet fully elucidated, it is thought that a major factor involved in the disease progression is inflammation. 2 Inflammatory cytokines are elevated following joint injury in humans [3] [4] [5] [6] and in animal models. 7, 8 Inflammatory cytokines have been shown to upregulate catabolic mediators of cartilage degeneration, such as nitric oxide (NO) and prostaglandin E2, and also extracellular matrix (ECM) degrading enzymes, such as matrix metalloproteases (MMPs) and aggrecanases. [9] [10] [11] Molecular biomarkers of cartilage degradation products are significantly increased following knee injury in patients [12] [13] [14] [15] and are upregulated in animal models of joint injury and in vitro models of injury to articular cartilage. 8, [16] [17] [18] Recent studies also suggest that chemokines and their receptors play important roles in rheumatoid arthritis and other forms of inflammatory arthritis.
For example, the chemokine CXCL10, or interferoninducible protein 10 (IP-10), is expressed by synovial cells and fibroblasts [19] [20] [21] and upregulated in the serum and plasma of patients with these inflammatory forms of arthritis. [22] [23] [24] Clinical treatment with antirheumatic drugs, including TNF-a blockers, decreased levels of CXCL10. 24, 25 In vitro treatment of synovial cells and human primary fibroblast-like synoviocytes with TNF-a and IL-1b lead to increased levels of CXCL10. 20, 26 In inflammatory juvenile idiopathic arthritis, CXCL10 plays a role in leukocyte homing to inflamed tissues, 27 which may then lead to the perpetuation of chronic inflammation and resulting tissue damage. 28 Chemokine receptors including CCR3, the receptor for CXCL10, are present and upregulated in chondrocytes of OA cartilage. 29 Additionally, CXCL10 protein secretion is increased by IL-1 and TNF-a in normal and osteoarthritic (OA) human chondrocytes. 30 Synovial fluid CXCL10 levels are correlated with osteoarthritis severity in a rat model of diet-induced obesity. 31 However, the effects of CXCL10 on cartilage following joint injury, such as articular fracture, and its role in the development of PTA have yet to be determined.
For this study, we hypothesized that CXCL10 is upregulated following intra-articular fracture and contributes to cartilage degradation associated with PTA. The objectives of this study were threefold: first, to compare synovial gene expression and serum levels of CXCL10 in C57BL/6 mice that develop PTA following articular fracture and MRL/MpJ mice that are protected from PTA; second, to assess CXCL10 protein expression in normal, OA, and post-traumatic human cartilage; and finally, to determine the effects of exogenous CXCL10 on IL-1-mediated catabolism of cartilage explants.
MATERIALS AND METHODS

CXCL10 Expression Following Articular Fracture in the Mouse
All procedures were performed in accordance with an IACUC approved protocol. At 16 weeks of age, C57BL/6 (Charles River Labs, Wilmington, MA) and MRL/MpJ (Jackson Laboratory, Bar Harbor, ME) male mice were sacrificed to represent the pre-fracture condition (n ¼ 6 per strain) or received moderate articular fractures of the left tibial plateau, as previously described, 7, 32, 33 and then were sacrificed (n ¼ 6 per strain) at 0, 1, 3, 5, and 7 days post-fracture.
At sacrifice, joint capsule tissue was harvested with a 3 mm biopsy punch from six animals at each time point, as previously described. 34 RNA was isolated using a two-step Trizol protocol. RT-PCR was run on 1 mg of RNA in duplicate using SYBR Green Master Mix and the commerciallyavailable RT 2 Profiler PCR array for mouse inflammatory cytokines (SABiosciences, Qiagen, Germantown, MD). Relative mRNA for CXCL10 was first normalized to the geometric mean of three housekeeping genes (GAPDH, HPRT1, and HSP90ab1) in that sample and then compared to mRNA expression at pre-fracture within a mouse strain and also between mouse strains at each time point using the 2 -DDCt method. 7, 35 In accordance with commercial analysis software provided by the manufacturer, results were considered significant if mRNA expression levels were threefold different.
Serum was collected at the time of sacrifice. Concentrations of CXCL10 were measured in serum samples using a commercially-available ELISA kit (MCX100; R&D Systems, Minneapolis, MN) and run as directed by the manufacturer. Non-parametric statistical analyses were performed with significance reported at the 95% confidence level. For serum levels of CXCL10, the Mann-Whitney U test was used to compare differences between C57BL/6 and MRL/MpJ strains at each time point, and the Kruskal-Wallis test was used to compare differences with the baseline pre-fracture condition and time post-fracture within a mouse strain. Statistical analysis was performed using Statistica 7 software (StatSoft Tibco, Palo Alto, CA).
CXCL10 Protein Expression in Human Articular Cartilage
Cartilage was collected from cadavers with no history of joint injury (Normal; n ¼ 7), patients with end stage OA undergoing joint replacement (OA; n ¼ 11), and from patients with post-traumatic articular fractures (Trauma; n ¼ 29). De-identified human surgical waste tissues for the OA and Trauma samples were collected under an IRB approved exemption. Donor and patient demographics are presented in Table 1 .
Immunohistochemistry (IHC) was used to localize CXCL10 protein within the articular cartilage. All tissue samples were formalin-fixed, paraffin-embedded, sectioned at 8 mm, and immunostained for CXCL10. Serial sections were pre-treated with 0.05% proteinase K (Sigma-Aldrich, St. Louis, MO) for 5 min at 37˚C for antigen retrieval, as previously described. 36 Endogenous peroxidase was quenched with 3% H 2 O 2 in methanol with 0.1% w/v saponin for membrane permeabilization for 30 min. Sections were stained with a polyclonal goat CXCL10 antibody (AF-266-NA, R&D Systems) at 15 mg/mlL for 18 h at 4˚C. During every staining protocol, negative controls were run simultaneously by application of 1-2% blocking serum to tissue sections instead of the primary antibody. Chromogenic detection was achieved with DAB substrate (Vectastain, Vector Laboratories, Burlingame, CA), and digital images were obtained. Positive CXCL10 staining in each cartilage zone was noted for sections from all samples. The surface, middle, and deep zones were identified by location and morphology of the chondrocytes. Intensity of positive staining for CXCL10 was assessed qualitatively using a discrete four-point scoring system by two blinded graders and reported as a single consensus score.
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Effects of Exogenous CXCL10 on Cartilage Explants
Six cadaveric porcine knees from 2 to 3-year-old skeletally mature female pigs were obtained from a local abattoir shortly after death. Using sterile technique, four 5 mm diameter biopsy punches of cartilage were taken from the femoral condyles of each joint. Explants were washed for one hour in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA) with 1,000 units/ml of penicillin/ streptomycin/fungizone (Invitrogen). To equilibrate, explants were cultured for 72 h in DMEM containing 10% heatinactivated fetal bovine serum (Hyclone, Logan, UT), 0.1 mM nonessential amino acids (Invitrogen), 10 mM HEPES buffer solution (Invitrogen), 100 units/ml of penicillin/streptomycin/ fungizone, and 37.5 mg/ml of L-ascorbic acid 2-phosphate (Sigma-Aldrich) at 37˚C and 5% CO 2 . Media were removed, discarded, and replaced with media containing porcine CXCL10 (ab87388, Abcam, Boston, MA) at concentrations of 0, 1, 10, and 100 ng/ml (n ¼ 6 per group). After 72 h, media were collected and frozen, and cartilage explants were weighed.
To assess the effects of CXCL10 on cartilage explants exposed to a pro-inflammatory stimulus, the following additional experiments were performed. Porcine cartilage explants (5 mm diameter from six different joints) were harvested, equilibrated for 72 h, and then incubated with combinations of 0 or 100 ng/ml of porcine CXCL10 (Abcam) and porcine IL-1a (680-PI-010, R&D Systems) at physiologic concentrations of 0, 10, or 100 pg/ml (n ¼ 6 per group). 37, 38 IL-1a was selected due to the observation that porcine cartilage catabolism is more sensitive to IL-1a than IL-1b for physiologic concentrations, less than 1,000 pg/ml. 38 After 72 h, media were collected and frozen, and cartilage explants were weighed.
For both explant studies, media were assessed for total MMP activity, aggrecanase activity, sulfated glycosaminoglycan (S-GAG) release, and nitric oxide (NO) production. Total specific MMP activity in the culture media was measured using a previously described fluorescence-based assay. 39 Aggrecanase-1 (ADAMTS-4) activity was measured in the culture media using a commercially available fluorescent peptide (WAAG-3R, AnaSpec, San Jose, CA) as previously described. 40 Total S-GAG release was measured in media using the 1,9-dimethylmethylene blue (DMB) assay. 41 Total NO release was determined using an established method that measures the concentration of nitrate and nitrite (NOx) in culture media. 42 Data were normalized for the cartilage wet weight and expressed as mean AE SEM. One-way ANOVA was performed using linear trend analysis to assess associations of varying doses of exogenous CXCL10 (treated as a categorical variable) with measures of total MMP activity, aggrecanase activity, S-GAG and NO release in media. For the effect of CXCL10 on IL-1-stimulated cartilage explants, statistical analysis was performed using an ANOVA with a Newman-Keuls post hoc test.
RESULTS
CXCL10 Gene and Protein Expression is Upregulated in Mouse Articular Fracture Model
Comparing pre-to post-fracture, CXCL10 gene expression was increased in C57BL/6 mice: 13-fold increase within 4 h of fracture (day 0), a maximum 25-fold increase at day 1, 17-fold increase at days 3 and 5, and 8-fold increase at day 7. In contrast, CXCL10 gene expression was also increased in MRL/MpJ mice, although to a lesser extent: A fivefold increase on days 0 and 1, a maximum sevenfold increase on day 3, and a fivefold increase at day 7 (Fig. 1A) . Prior to fracture, CXCL10 expression was similar between mouse strains. However, at all post-fracture time points, CXCL10 gene expression in MRL/MpJ mice was lower (range 7-15-fold) compared with C57BL/6 mice (Fig. 1A) .
Similar to relative gene expression between mouse strains, serum concentrations of CXCL10 were significantly greater in C57BL/6 mice at 1, 3, and 5 days post-fracture compared to MRL/MpJ mice (Fig. 1B) . Serum concentrations of CXCL10 varied over time in C57BL/6 mice and trended 
CXCL10 Protein Expression is Upregulated in Human Articular Cartilage Following Trauma
By immunostaining, CXCL10 was detected in chondrocytes in all human cartilage samples. There was minimal CXCL10 in normal cartilage with positive staining only in chondrocytes within the superficial cartilage zone (Fig. 2A) . There was slightly more CXCL10 in OA cartilage with localization to the middle and deep cartilage zones (Fig. 3B) . CXCL10 was most abundant in trauma cartilage and detected in all cartilage layers (Fig. 2C) . Additionally, CXCL10 increased with patient age for both OA and trauma cartilage. Overall, CXCL10 protein expression was highest in cartilage following joint trauma (Fig. 2D) .
Anti-Inflammatory Effects of Exogenous CXCL10 on Cartilage Explants
Exogenous CXCL10 at physiologic concentrations 19 
Effect of Exogenous CXCL10 on IL-1a-Stimulated Cartilage Explants
To examine if the observed anti-inflammatory response of CXCL10 could overcome a pro-inflammatory challenge, cartilage explants were cultured with exogenous CXCL10 in combination with physiologic concentrations of IL-1a. 38 IL-1a (100 pg/ml) significantly upregulated total MMP activity, S-GAG and NO release (all p < 0.001), but not aggrecanase activity (p ¼ 0.17) in media from cartilage explants (Fig. 4) . CXCL10 reduced IL-1a stimulated total MMP activity (p ¼ 0.09) and S-GAG release (p ¼ 0.09) but not NO release (p ¼ 0.34).
DISCUSSION
An association of local and systemic CXCL10 has been reported clinically 19, 22, 24, 25 and in animal models of inflammatory arthritis. 24, 43, 44 Based on these findings, serum CXCL10 might serve as a clinical marker of disease activity in some forms of arthritis, including PTA. However, the role of chemokines like CXCL10 on cartilage and disease progression following injury is unknown. For this reason, we investigated the endogenous expression of CXCL10 in joint tissues in the context of injury and OA and the impact of exogenous CXCL10 on cartilage inflammation and degradative pathways.
Our results confirm that CXCL10 was endogenously upregulated, most especially by trauma, at both a transcriptional (gene expression) and posttranscriptional (protein by immunohistochemistry observed in all layers of cartilage after fracture and serum analyses by ELISA) level. Although elevated in mouse synovium following articular fracture and in serum of the PTA-prone C57BL/6 mice, CXCL10 was upregulated to a lesser extent in the MRL/MpJ mice that are less susceptible to PTA. These data are consistent with CXCL10 transcriptional regulation by inflammatory cytokines. 21, 45 The greater CXCL10 upregulation in the synovium and serum of C57BL/6 mice following articular fracture compared to MRL/MpJ mice may contribute to the increased macrophage infiltration reported in the C57BL/6 mice, 7 as CXCL10 and other chemokines have been implicated in immune cell chemotaxis. 27, 28 This association of increased CXCL10 expression in synovium and serum with increased synovial inflammation and arthritic changes in the joint is similar to findings for rheumatoid arthritis. 19, 20, 22, 24, 46 However, the direct effect of this chemokine on cartilage, or role in cartilage metabolism, has not been established.
Other research has shown that CXCL10 gene expression is upregulated in normal and OA chondrocytes stimulated with IL-1 or TNF-a, and that in response to incubation with exogenous IL-1b, human chondrocytes had increased gene expression of various other chemokines. 47 However, the effect of exogenous CXCL10 on cartilage catabolism alone or in combination with pro-inflammatory cytokines has not been reported. In this study, CXCL10 alone or in combination with IL-1a did not induce NO production in cartilage, and consistently and most notably, reduced total MMP and aggrecanase activity. This suggests that CXCL10 may play a role in modulating inflammation following injury or an inflammatory stimulus. A homeostatic role for CXCL10 has already been suggested based on its upregulation in response to in vitro exposure of late-stage OA human chondrocytes to the damage-associated molecular pattern (DAMPs) molecule, soluble high mobility groups box-1 (HMGB1). 48 The acute upregulation of CXCL10 following articular fracture may be part of the natural healing process. CXCL10 has been identified as playing a role in skin fibrosis, wound healing and tissue remodeling by significantly inducing type 1 collagen and hyaluronan production in human dermal fibroblasts. 49 It has also been reported that osteochondral healing may be enhanced by CXCL10 through recruitment of subchondral progenitor cells. 50 Human osteoclasts have been shown to express high levels of CXCL10, 51 and CXCL10 plays an important role in osteoblast activity through upregulation of enzymes involved in the bone remodeling process. CXCL10 has also been shown to effectively recruit human annulus fibrosus cells in vitro, which suggests that CXCL10 is involved in the spontaneous repair of annulus tears in the spine. 52 Based on these reports, CXCL10 may enhance healing following an articular fracture by recruiting cells to the site of the osteochondral injury. Articular fracture induces an inflammatory response in the synovium including infiltration of immune cells and increased cytokine production. 6, 53 Results from this study demonstrate articular fracture increases CXCL10 levels. To our surprise, exogenous CXCL10 did not have a catabolic effect on articular cartilage. The complexity of the intra-articular environment following a joint injury, including blood, immune cells, inflammation, and altered articulation, makes identification of the etiology of PTA a challenging scientific question. A complex cascade of biomolecular pathways are likely involved, which may include chemokines like CXCL10. More studies are needed to determine the exact role of CXCL10 in the whole joint following injury and in the progression of PTA.
These data in combination suggest that although CXCL10 in joint tissues is upregulated following trauma, CXCL10 does not directly induce catabolism of articular cartilage but may play a role in homeostasis of chondrocytes and modulation of inflammation. The complex signaling that occurs between cartilage, subchondral bone, and synovium is likely to have an important role in maintaining cartilage homeostasis. Identifying key chemokines, like CXCL10, that are upregulated following joint injury may provide new insight into the interaction of joint tissues and opens possibilities of regulating signaling to promote healing and prevent the development of PTA. ARTICULAR FRACTURE AND CXCL10
